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httpcense.Abstract The present study aimed to isolate and identify and acclimatize Atrazine-resistant soil
bacteria from different contaminated soils in order to be used for bioremediation of polluted envi-
ronments. Bacteria were isolated from three soil types cultivated with corn and cucumber and
amended with Atrazine. Soils were collected from different ecosystems (Abu El-Matameer area,
El-Behaira Governorate, Egypt (SoilM), Hada Al-Shame area, Saudi Arabia (SoilH), and El-Sharqia
Governorate, Egypt (SoilE) and used in comparative study to investigate the fate of Atrazine. The
applied herbicide was tested at 3 elevated doses, dose recommended by the Ministry of Agricul-
ture(RD), half the recommended dose (1/2 RD) and double the recommended dose (2X RD). Phys-
ical, chemical, mechanical and biological properties of soils were characterized to determine how
they affect and affected by soil indigenous microorganisms. Indigenous and three exogenous bacte-
rial isolate were subjected to a preliminary screening toxicity test obtaining 23 isolate best grown at
the 2X RD. Sequences of the tested isolates were afﬁliated according to their 16S rDNA gene to
members of 5 genera, namely Enterobacter (E. cloacae), Bacillus (B. cereus and B. anthracis), Pseu-
domonas (P. aeruginosa, P. balearica, P. indica and P. otitidis), Ochrobactrum (O. intermedium) and
Providencia (P. vermicola) with similarities ranged between 91% and 99%. Resistant bacteria were
individually enriched in 2X RD Atrazine amended-liquid cultures for 10 days to select the most
promising acclimatized bacteria for biodegradation of Atrazine in the contaminated soils. Enrich-
ment of the resistant isolates led to obtain seven isolates that exhibited remarkable stimulationnt of Environmental Studies,
earch, Alexandria University,
2.
hoo.com (E. El-Bestawy).
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120 E. El-Bestawy et al.(S: 70.7–88.7%) in their growth and considered acclimatized and highly Atrazine-resistant. There-
fore, they can efﬁciently be used for degradation of Atrazine-contaminated soil and/or wastewater.
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All pesticides whether applied directly or targeted at the above
ground parts of the plant or the pests themselves are liable to
end up in the soil and in contact with soil organisms. Depend-
ing on the method of application, between 30% and 90% of
the pesticide directly reaches the soil (Fu¨hr et al., 1991). The
impacts of a wide range of pesticides on speciﬁc groups of soil
organisms, soil food webs and biological processes in soil are
highly variable, dependent on the type/amount of the pesticide,
soil environment and the biotic groups examined. The impact
is not restricted to the target but has disruptive effects on the
biological regulatory capacity of the soil community, with
damaging consequences for all soil functions (Kibblewhite
et al., 2007).
The combined inﬂuence of soil microbes and invertebrate
species on ecosystem function is critical to maintain soils, im-
prove food production and hence human well-being, and to
understand alterations in global biogeochemical cycles caused
by human activities (Wall et al., 2010). Thus, the response of
soil biotic groups to land use and climate change is highly var-
iable, and is dependent on a range of biological factors. Key
determinants include the length of an organism’s life cycle,
its rate of reproduction, dispersal characteristics, ability to
adapt to new habitats and food source (Wardle et al., 2004).
Pesticides can be transformed because of biotic and abiotic
processes, leading to changes in their chemical state and ulti-
mately in their toxicity and reactivity. Biodegradation of pesti-
cides/herbicides is greatly inﬂuenced by the soil factors such as
moisture, temperature, pH, and organic matter content, in
addition to microbial population and pesticide solubility.
(www.AgriInfo.in, 2009).
Atrazine, 2-chloro-4-(ethylamine)-6-(isopropyl amine)-s-tri-
azine, is a widely used herbicide, non-polar compound and
moderately retained by the polar soil colloids. Therefore, it
can be washed out from the root zone into groundwater re-
sources, especially if applied prior to heavy rainfall or irriga-
tion event (Randall-Amster, 2010). Although prohibited in
the European Union in 2004, it is still one of the most widely
used herbicides in the world (Ackerman, 2007). Atrazine is
used to stop pre- and postemergence broadleaf and grassy
weeds in major crops. The compound is both effective and
inexpensive, and thus is well suited to production systems with
very narrow proﬁt margins, as is often the case with maize.
Atrazine is used on pineapples, chemical fallows, grassland,
macadamia nuts, conifers and for industrial weed control with
its biggest market in maize production primarily on corn, sor-
ghum and sugarcane production (Briggs, 2002).
Atrazine is harmful by inhalation, skin contact, and if
swallowed (Extension Toxicology Network, 1996). It has been
reported to have long-term reproductive and endocrine-dis-
rupting effects, as a probable human carcinogen and of epide-
miological connection to low sperm levels in men (Ackerman,
2007). It may be dangerous, with implications for human birthdefects, low birth weights and menstrual problems (Duhigg,
2009). Findings from recent research conﬁrmed that even at
low doses, atrazine can increase health risks (Randall-Amster,
2010). Although the toxicity of Atrazine on humans is weaker
than the other chlorinated herbicides, severe environmental
problems emerged due to their persistence in soils, as well as
their runoff to surface and groundwater (Dossantes et al.,
2004). Atrazine can be removed or degraded in soil, sediments,
and water environment by either biotic or abiotic processes,
but bioremediation is more effective and remains a very prom-
ising approach. (Marecik et al., 2008). The best-characterized
organisms that degrade Atrazine are of Pseudomonas spp.
and Bacillusspp, as well as a number of bacteria (Zeng et al.,
2004; Chelinho et al., 2010). For biodegradation of atrazine,
bioaugmentation and biostimulation are the two options exist
(Wackett et al., 2002).
The main aim of the present study was to isolate and iden-
tify Atrazine-resistant bacteria from different contaminated
soils in order to be used for bioremediation of polluted
environments.
Materials and methods
Herbicide: Atrazine
Atrazine (Fig. 1) was selected based on its common use for the
protection of corn and cucumber crops from weeds and herbs.
Soils
During the present study, comparison of stimulation and/or
inhibitory effect of the herbicide Atrazine was investigated in
sandy loam soils from three completely different environ-
ments, two in Egypt {soilM from Abu El-Matameer, El-Behaira
Governorate and soilE from El-Sharqia Governorate} and one
in Saudi Arabia {soilH from Hada Al-Shame area}.
Atrazine application and soil sampling
SoilM was used in the outdoor (open environment) ﬁeld culti-
vation of corn while soilH and soilE were used in indoor (green
house) culturing of corn and cucumber all of which were
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investigate (1) effect of the crop type on the occurrence and
distribution of Atrazine residues in the cultivated soils, (2) ef-
fects of Atrazine (toxicity) and soil microorganisms (biodegra-
dation) on each other and (3) effect of the environmental
conditions (temperate and arid) on the fate of Atrazine.
Open ﬁeld corn cultivation
Fate of Atrazine, the widely used herbicide in corn production,
was traced in agricultural corn ﬁeld lies at Abu El-Matameer,
Egypt (soilM) with a long history of Atrazine application.
The investigated ﬁeld was cultivated under a crop rotation
(corn-wheat) during the past 10 years. Atrazine was applied
as preemerge dose at the rate of 750 g/200 to 600 L water/Fad-
den or 750 g/3 to 4 K water/Fadden both of which are recom-
mended by the Egyptian Ministry of Agriculture for controlling
weeds and pests in corn plant. Subsurface (0–20 cm depth) soil
samples (500 g each) were collected at different time intervals
(25, 50 and 75 day) along cultivation period (120 day). Sam-
ples were passed through a 2-mm sieve, and stored in polyeth-
ylene bags, transported to the laboratory and prepared for
pesticide residue and microbiological analysis (Dehghani
et al., 2009).
Green house cultivation
This experiment was conducted using soilsH&E with two vege-
table crops, corn and cucumber. Cultivation was carried out at
King Abdul Aziz University planetary, Jeddah during summer
2011 simulating the natural environmental cultivation condi-
tions. Cultivation took place in plastic pots (25 cm in diameter
and 30 cm deep) with hole in the bottom for drainage. Four
sets (16 pot · 4) of pots were prepared, two sets (one for the
corn and the other for the cucumber) for the Egyptian soil
and the other two for the Saudi soil. In each set, lower dose
(equivalent to half of the recommended dose) of Atrazine
was applied in the ﬁrst 4 pots followed by the recommended
dose in the second 4 pots and ﬁnally the higher dose (equiva-
lent to 2-folds the recommended dose concentration) in the
third 4 pots. The remaining 4 pots were left free of Atrazine
and considered as controls. Four replicates of each treatment
were carried out. Each pot was packed with 5 kg air-dried soil
leaving the upper 5 cm free for irrigation practices. Plant seeds
were inserted, and the pots were irrigated to a level equal to the
ﬁeld capacity for each soil. Mineral fertilizer mixture Kemira
(19% nitrogen, 19% phosphorus, 19% potassium and the
trace elements iron, zinc manganese, calcium magnesium, cop-
per and boron) was added to all pots at a rate of 0.7–1.50 kg/
1000 l water. One week after planting, soils were sprayed once
with Atrazine at the rate of 750 g/200 to 600 L water/Fadden,
which is the dose for controlling weeds and pests in corn plant
recommended by ministry of agriculture. After treatment, corn
soil samples were collected at 0, 25, 50 and 75 days and 0, 22,
32 and 42 days for the cucumber soil samples. Samples (50 g
each) were taken from the upper surface zone down to roots
area (0–10 cm) and placed in clean plastic bags using septic
tools. The collected samples were transported to the laboratory
where they were immediately subjected to microbiological
analysis and prepared for pesticides residue analysis.Soil analysis
Physical, chemical, mechanical and biological properties of the
Egyptian and Saudi soils were characterized prior to and dur-
ing Atrazine application to determine how it affects and af-
fected by soil indigenous microorganisms. All measurements
and determinations were carried out in triplicate using stan-
dard procedures where averages were calculated.
Physicochemical characterization
Physicochemical analyses included soil pH, electrical conduc-
tivity (EC), dissolved cations (Ca2+, Mg2+, K+ and Na+),
dissolved anions (HCO3 , CO

3 , Cl
 and SO24 ), total nitrogen,
available phosphorus as well as soil organic carbon and organ-
ic matter all of which were determined using the standard pro-
cedures (Black et al., 1965; Page et al., 1982). Electrical
conductivity (EC) and soil pH were measured at 1:2:5 soil to
water ratio by conductivity meter and pH electrode,
respectively.
Total nitrogen
Total soil nitrogen was determined using micro-Kjeldahl meth-
od reported by Page et al. (1982).
Available phosphorus
Soluble phosphorus was extracted using 0.5 N NaHCO3 solu-
tions at pH 8.5 according to the method described by Olsen
et al. (1954). Phosphorus in the extract was measured using
ascorbic acid method described by Watanabe and Olsen
(1965).
Organic carbon (OC) and organic matter (OM)
Organic matter was determined in the soil usingWalkley-Blake
wet-oxidation method that was used by Schumacher (2002).
Microbiological analyses of soil samples
Isolation of soil indigenous bacteria
Subsurface soil samples were collected from corn-cultivated
open ﬁeld as well as corn- and cucumber-cultivated indoor
pots where Atrazine was applied. Also Atrazine-free soil
samples were collected as controls. Collection took place at
different time interval from the beginning of Atrazine applica-
tion (i.e., 25, 50, 75 and 120 day). Samples were collected in
presterilized plastic bags and analysis started immediately
after collection. Sterilization, media preparation, culturing,
population counting (viable heterotrophic population) and
bacterial identiﬁcation were all carried out using the standard
procedures described by Collines et al. (1999). All media were
prepared, sterilized and used freshly for the population
counting, identiﬁcation and maintenance. Dehydrated
(HIMEDIA) nutrient agar (NA) and broth (NB) were used
for normal culturing and maintenance of the bacterial isolates
in addition to the enrichment media that contain the
examined herbicide.
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Total viable count (TVC) of heterotrophic bacteria was carried
out employing the pour plate technique of the standard plate
count (SPC) methodology (Clesceri et al., 1999). One gram
of each soil sample (Atrazine-contaminated as well as control)
was placed in a test tube containing 9ml sterilized distilled
water and shaking using vortex for 30 s to detach bacterial
cells adhered to the soil particles forming 101 suspension. Soil
suspensions were subjected to sequential dilution up to 104 to
get reasonable count/plate. A total of 100 ll/plate of the ﬁnal
dilution was poured and covered with 20 ml NA medium.
After inoculation, plates were incubated at 37 C for 24 or
48 h (Binder incubator, Germany). After incubation, hetero-
trophic bacterial densities were estimated bacterial counter
(New Brunswick Scientiﬁc model C-110, USA), taking into ac-
count the dilution factor and the decimal fraction used for
inoculation.
Puriﬁcation and identiﬁcation of bacterial isolates
Puriﬁcation of bacterial isolates was done from plates with
separate colonies through culturing and re-culturing using
streaking method. Puriﬁed isolates were then inoculated on
nutrient agar slants, labeled and then kept in the refrigerator
for identiﬁcation. Identiﬁcation of bacterial isolates was car-
ried out by staining (simple and differential) followed by
microscopic examination as well as molecular characterization.
Identiﬁcation procedure followed the methodology of (Bergey
and Breed, 1957).
Total genomic DNA was extracted from 5 ml overnight NB
culture of the puriﬁed isolates (Sambrook et al., 1989). PCR
was performed in a light cycler Eppendorf PCR machine. A
1300 bp fragment was obtained by PCR ampliﬁcation of the
16S rDNA gene (Ausubel et al., 1999) using the primers:
 F-start: 50-AGAGTTTGATCMTGGCTCAG-30
 R-1387: 50-CGGGCGGTGTGTACAAGG-30
The PCRmixturewas composed of 100 ng of genomicDNA,
30 pmol of each primer, 200 lMof dNTPs, 1U of Taq polymer-
ase and 10 ll of 10X PCR reaction buffer, and the reaction vol-
ume was adjusted to 100 ll in 0.5 ml Eppendorf tube. The PCR
ampliﬁcation conditions were performed by an initial denatur-
ation step at 94 C for 10 min followed by 30 denaturation cycles
at 94 C for 1 min, annealing at 60 C for 1 min and an extension
at 72 C for 1 min followed by a ﬁnal extension step at 72 C for
10 min. Amplicons of 16S rDNAwere puriﬁed using PCR puri-
ﬁcation kit (GeneJET PCRPuriﬁcationKit, Thermo Scientiﬁc).
Each of these puriﬁed products was sequenced by the chain
terminator method (Bioneer Company, Korea), using the two
corresponding PCR primers separately. The resulted DNA
sequences were phylogenetically analyzed using the BLAST
search program (Altschul et al., 1990). Multiple sequence
alignment and molecular phylogeny were performed using
MEGA 5.0 software (Hall, 1994).
Atrazine resistance/sensitivity testing
In addition to the indigenous soil bacteria, three exogenous
strains were tested against Atrazine. They were kindly provided
by IGSR (Institute of Graduate Studies & Research, Alexandria
University) and originally isolated from the heavily polluted
water of L. Qaroun (Delta Lake, Egypt). Their selection basedon their superior ability for degradation of Lindane, the highly
persistent chlorinated hydrocarbon pesticide. A preliminary
screening toxicity test was performed using the indigenous
populations of the three examined soils (soilM,H,E) as well as
the exogenous bacteria (PF, PS, PQ) individually and as a
mixed exogenous bacterial culture (MC-P). This test was car-
ried out on two steps, toxicity and enrichment. In the ﬁrst step,
1 g from each of the three tested soil types as well as mixture of
the exogenous bacterial culture was suspended individually in
9 ml nutrient broth cultures supplemented with the recom-
mended and double recommended doses (RD & 2X RD) of
Atrazine to determine resistance and/or sensitivity of the in-
volved bacteria. All cultures were incubated with the herbicide
for 24–48 h, alongside the controls. After the incubation peri-
od, bacterial suspensions were subjected to sequential dilution
up to 104, and 100 ll of the ﬁnal dilution was cultured in
20 ml growth medium/plate using pour plate technique of stan-
dard plate count (SPC) method. Cultured plates were incu-
bated, and counts were taken every 24 h. Isolates that
exhibited normal or stimulated growth were considered accli-
matized and/or Atrazine-resistant and selected for the subse-
quent Atrazine-enrichment experiment, while those with
weak or no growths were considered Atrazine-sensitive.
Growth inhibition or stimulation (I% or S%) of the tested iso-
lates was calculated using the following equations:
Growth StimulationðGS%Þ ¼ ðCTreated  CUntreated=CTreated
 100
Growth InhibitionðGI%Þ ¼ ðCUntreated  CTreated=CUntreated  100
where CUntreated is the Bacterial count of the control; and
CTreated the Bacterial count of the treated sample.
Enrichment of Atrazine-resistant soil bacteria
The obtained indigenous and exogenous isolate which repre-
sent the best-grown bacterial isolates at the 2X RD were se-
lected and puriﬁed. They were subjected individually to the
second step of the resistance/sensitivity test on solid and liquid
cultures of nutrient agar amended with 2X RD Atrazine to se-
lect the most promising acclimatized bacteria for biodegrada-
tion of Atrazine in the contaminated soils. Each resistant
bacterial isolate was activated in 20 ml NB overnight. This
volume was then evenly divided and inoculated in two 250-
ml ﬂasks containing 100 ml NB each. One ﬂask was amended
(enriched) with Atrazine (2X RD dose) while the other was not
(control) and both incubated at the previously mentioned con-
ditions. Enriched cultures were repeatedly subjected to the
addition of Atrazine at 10-day intervals (Mohapatra and
Awasthi, 1997). Ten days after the ﬁfth addition, the enriched
(treated) and the control (untreated) cultures were subjected to
sequential dilution up to 106. Then, 0.1 ml of each culture
was inoculated on solid nutrient agar, incubated, counted
and kept for further biodegradation study.
Results
Physicochemical characterization
Physicochemical characterization of the tested soils (Table 1)
revealed the following points:
Table 2 Mechanical properties of the investigated soils.
Soil type Mechanical structure (%)
Sand Silt Clay Texture
SoilM 0 day 80 10 11 Loam sand
25 days 71 13 16 Sandy loam
50 days 68 16 16 Sandy loam
75 days 60 15 24 Sandy loam
SoilH 0 day 82.05 12.22 5.72 Loam sand
SoilE 72.0 16.0 12.0 Loam sand
Table 1 Physicochemical characteristics of the examined soils.
Parameter Outdoor Experiment Indoor experiment
SoilM SoilH SoilE
Culturing time (Days) Zero time
0 25 50 75
pH 8.31 8.15 8.16 8.41 7.66 8.01
E.C (dS/m) 2.43 5.58 4.88 3.57 29.0 1.13
Dissolved cations
Na+ meq/l 12.17 23.19 19.57 22.17 117.39 7.61
K+ 0.44 1.03 1.15 1.08 4.62 0.82
Ca++ 6.67 21.0 18.33 8.67 110.0 4.6
Mg++ 4.33 10.67 12.67 6.33 98.0 3.0
Dissolved anions
CO3 meq/l – – – – – –
HCO3 4.33 2.33 3.33 3.37 4.0 5.2
Cl 10.0 27.0 22.0 20.0 265.0 6.0
SO4 9.97 26.47 23.47 12.03 21.0 0.1
Na+ Adsorbed 5.19 6.01 4.97 8.1 11.51 3.9
Available nitrogen, phosphorus and organic matter
NH4 mg/l 35.0 49.99 42.0 21.0 49.0 61.6
NO3 42.0 126.0 112.0 77.0 287.0 50.4
TN av. 77.0 175.0 154.0 98.0 336.0 112.0
P av. 31.6 39.60 51.20 42.4 83.2 16.4
K av. 410.0 480.0 650.0 610.0 700.0 55.0
OM% 1.55 1.42 2.06 2.19 1.29 2.78
SoilM: Abu El-Matameer area, El-Behaira Governorate, Egypt; SoilH: Hada Al-Shame area, Saudi Arabia; SoilE: El-Sharqia Governorate,
Egypt.
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ment) of corn showed slightly alkaline pH (8.15–8.41) com-
pared to the pH other tested soils SoilH (7.66) and SoilE
(8.01) that were used in the indoor culturing (closed envi-
ronment) of corn.
2. Tested soils showed variable salts (cations and anions) con-
centrations expressed as EC. SoilH showed the highest
Sodium Adsorbed Ratio (SAR) value (11.51) and extremely
high salts concentration (EC = 29.0 dS/m) dominated by
Cl, Na+, Ca++, Mg++, So4 , K
+ and ﬁnally HCO3 in
a descending order after 75 day of Atrazine application
(Table 1). On the other extreme, SoilE exhibited the lowest
recorded SAR value (3.9) and salts concentration
(EC = 1.13 dS/m) compared to the tested soils dominated
(in a descending order) by Na+, Cl, HCO3 , Ca
++,
Mg++, K+ and ﬁnally So4 after 75 day of Atrazine appli-
cation. SoilM showed intermediate SAR value (8.1 after 75
culturing day) concentrations of salts (ECmax = 5.58 dS/m
after 25 culturing day) dominated (in a descending order)
by Cl, So4 , Na
+, Ca++, Mg++, HCO3 and K
+.
3. SoilH showed the highest (336.0 mg/l) total available nitro-
gen {NO3 (287.0 mg/l) and NH4 (49.0 mg/l)} compared to
the other tested soils. This was followed by SoilM with total
nitrogen of 175.0 mg/l {NO3 (126.0 mg/l) and NH4
(49.99 mg/l)} after 25 day of Atrazine application and
ﬁnally soilE with the lowest nitrogen content of 112.0 mg/l
{NO3 (50.4 mg/l) and NH4 (61.6 mg/l)}.
4. SoilH showed the highest available phosphorus (Pave) con-
tent (83.2 mg/l) followed by SoilM with the highest P
(51.20 mg/l) after 50 culturing day and ﬁnally SoilE with
the lowest (16.4 mg/l) P content.5. However, SoilE showed the highest organic matter content
(2.78%) compared to SoilM (2.19%) and SoilH (1.29%)
both after 75-culturing day.
6. Total carbonates were not detected in any of the tested soil
at any culturing phase indicating good fertility with differ-
ent degrees among soils.
Mechanical characterization
Table 2 represents mechanical analysis of the tested soils.
Analysis of soilM showed sandy structure where sand consti-
tutes 60–80% of soil composition with low silt (10–16%) and
clay (11–24%) content, which is matching with the very low or-
ganic matter (OM) content (1.42–2.19%). Mechanical compo-
sition of soilM indicated sandy loam texture which
characterized by high soil permeability associated with low
water holding capacity due to the big pore size among parti-
124 E. El-Bestawy et al.cles. Addition of Atrazine to soilM resulted in more dryness,
which changed the texture of the soil from loam sand with
acceptable permeability (zero time) to sandy loam (after 25,
50 & 75 culturing day), with high permeability.
Particle size distribution of soilH showed loam sandy struc-
ture where it is composed of 82.05% sand, 12.22% silt and
5.72% clay. Loam sand texture has reasonable soil permeabil-
ity. SoilE also showed loam sandy texture with different sand
(72.0%), silt (16.0%) and clay (12.0%) contents. Increasing
clay and silt content coupled with decreasing sand content in
SoilE compared to the other tested soils indicating lower per-
meability and high water holding capacity due to the ﬁne tex-
ture of the clay and silt.
In conclusion, physical and chemical analysis of SoilM re-
vealed coarse texture, low fertility (OM content), high salt con-
centration, slightly alkaline pH, sandy loam texture and high
permeability. These characteristics indicated soil with high
quality for mass transfer but also some amendments like water
and nutrients are easily missing due to the high permeability.
SoilH and SoilE showed low fertility (OM content), high
salts concentration and acceptable permeability. Their charac-
teristics indicated soil with poor quality for mass transfer.
However, the addition of a bulking agent (wood chips) would
modify the structure and enhance the mass transfer through
increasing spaces among soil particles and hence permeability.
Bacterial population counting
Results of total viable count (TVC) of soil heterotrophic bac-
teria (Table 3) revealed the following points:
1. As a general trend, bacterial TVC of both control and trea-
ted samples of SoilM was inversely related to exposure time
where it decreased on a regular basis with increasing time.
SoilH showed the opposite trend where TVC increased with
time. This was also true in soilE at the half applied dose ofTable 3 Total viable count (TVC) of heterotrophic indigenous soil
Time (Day) SoilM (CFU · 107) SoilH (CFU
C 1/2RD RD 2XRD C 1/2
0 – – – – – –
25 79.3 – 68.6 – 10.1 11
50 77.8 – 35.9 – 21.5 13
75 50.7 – 57.3 – 40.6 16
C: control; 1/2RD: half the recommended dose of Atrazine; 1RD: recomm
of Atrazine.
Table 4 Total viable count (TVC) of the indigenous and exogenou
Time (hour) SoilM (CFU · 107) SoilH (CFU · 106)
C RD 2X RD C RD 2X
24 13.3 14.6 19.8 24.7 28.7 27
48 24.3 30.6 35.0 48
SoilM: Abu El-Matameer area, El-Behaira Governorate, Egypt; SoilH: H
Egypt; MC-P: mixed culture of exogenous bacteria; C: control; 1RD: rec
dose of Atrazine.Atrazine while at the recommended and double doses, TVC
increased up to 50 days after which signiﬁcant declines were
recorded.
2. SoilM recorded remarkably higher TVC compared to soilH
and soilE both in the control and treated soils at all the
tested Atrazine doses. Average bacterial TVC ranges of
soilM, soilH and soilE recorded 35.9 · 107  79.3 · 107;
9.3 · 106  40.6 · 106 and 8.5 · 106  20.7 · 106 CFU/g
soil respectively.
3. Since the recommended dose of the herbicide is the only
dose used by the farmers in the open ﬁeld experiment with
soilM, no density was determined for indigenous bacteria at
the half and double recommended doses of Atrazine at that
soil.
4. The average bacterial TVC of control soilM decreased with
time from 79.3 · 107 to 50.7 · 107 CFU/g soil after 25 and
75 day respectively. Compared to the control, treated soil
showed lower values where 68.6 · 107 CFU/g soil after 25
day of Atrazine application that reached the lowest record
of 35.9 CFU/g soil after 50 day. This decrease is mainly
due to the inhibitory effect of Atrazine on the bacterial
growth. This was followed by a recovery of TVC to record
57.3 CFU/g soil after 75 day, which is higher than the con-
trol indicating adaptation to the herbicide.
5. Concerning soilH, the highest bacterial TVC in the control
sample recorded 40.6 · 106 CFU/g soil after 75-cultivation
day. Approximately, similar TVC were recorded in the con-
trol and treated soils at the 25th day while much lower TVC
were detected in the treated soils compared to their controls
at the 50th and 75th days which conﬁrmed the effect of
Atrazine. In addition, there was a general trend in the trea-
ted soil where TVC increased with increasing Atrazine dose
with one exception (at the double dose of the 75th day) as
shown in Table 3. This increase may be attributed to the use
of Atrazine as organic substrate (carbon and energy source)
which stimulate their growth.bacteria.
· 106) SoilE (CFU · 106)
RD RD 2XRD C 1/2RD RD 2XRD
– – – – – –
.1 11.3 13.7 28.8 14.3 11.5 11.1
.8 14.9 17.3 8.5 15.5 19.1 21
.3 24.7 9.3 >300 20.7 12.3 16.3
ended dose of Atrazine; 2RD: double fold of the recommended dose
s bacteria in Atrazine amended-liquid medium.
SoilE (CFU · 106) MC-P(CFU · 106)
RD C RD 2XRD C RD 2XRD
.3 22.0 24.0 29.8 30.5 36.5 38.9
.0 47.7 52.7 44.5 50.3
ada Al-Shame area, Saudi Arabia; SoilE: El-Sharqia Governorate,
ommended dose of Atrazine; 2RD: double fold of the recommended
Isolation, identiﬁcation and acclimatization of Atrazine-resistant soil bacteria 1256. Concerning soilE, the highest average bacterial TVC in the
control soil (>300 CFU/g soil) was achieved at the 75th
day while the lowest (8.5 · 106 CFU/g soil) was recorded at
the 50th day. In contrast to soilH, at the 25th day, TVC
decreased with increasing Atrazine dose while increased at
the 50th day and ﬂuctuated among doses at the 75th day.
7. However, results indicated the availability of enough bacte-
rial populations in all the tested soils to precede Atrazine
biodegradation.
Atrazine enrichment (Acclimatization)
This experiment was performed to exclude sensitive bacterial
isolate while selecting the most resistant bacterial isolates to
be acclimatized (enriched) to Atrazine and used in bioremedi-
ation of contaminated soil.
Atrazine resistance/sensitivity testing
Table 4 revealed the following points concerning Atrazine tox-
icity on the involved bacteria:
1. Intensity of turbidity indicated growth extent in the Atra-
zine amended-liquid media.
2. Surprisingly, the highest bacterial TVC was recorded in cul-
tures amended with the double recommended dose of Atra-
zine compared to the recommended dose-amended cultures.Table 5 Stimulation and/or inhibition of total viable count (TVC)
Bacterial isolate Source TVC (CFU
C
R1 SoilE 1.10
R2 SoilE 1.6
R3 SoilE 1.6
R4 SoilE 2.4
R5 SoilE 1.7
R6 SoilE 1.9
R7 SoilM 1.2
R8 SoilM 1.9
R9 SoilM 1.3
R10 SoilM 1.4
R11 SoilM 2.9
R12 MC-P 1.2
R13 MC-P 1.5 · 107
R14 MC-P 1.3
R15 MC-P 1.3
R16 MC-P 1.2
R17 MC-P 1.5
R18 SoilH 1.3
R19 SoilH 2.8
R20 SoilH 1.2
R21 PF 1.9
R22 PS 1.3
R23 PQ 1.5
SoilM: Abu El-Matameer area, El-Behaira Governorate, Egypt; SoilH: H
Egypt; C: control; 2X RD: double recommended dose of Atrazine; MC-P
a Very high S%.
b High S%.
c Medium S%.
d Low S%.In addition, increasing incubation time signiﬁcantly
increased bacterial density. This fact conﬁrmed that tested
bacteria efﬁciently use the herbicide as carbon and energy
source resulted in stimulation in their growth.
3. The highest bacterial density (CFU/g soil) was detected in
SoilM (30.6 · 107) followed by SoilE (52.7 · 106), MC-P
(50.3 · 106) and ﬁnally SoilH (48.0 · 106) after 48 h.
4. The lowest bacterial TVCs were detected in control samples
with SoilM contained the highest density followed by MC-
P, SoilH and ﬁnally SoilE recording 13.3 · 107, 30.5 · 106,
24.7 · 106 and 22.0 · 106 CFU/g soil, respectively.
According to the results obtained in the preliminary toxicity
test, 23 indigenous and exogenous isolate represent the best-
grown bacterial isolates at the 2X RD were selected and puri-
ﬁed. They were subjected individually to the second step of the
resistance/sensitivity test on solid nutrient agar amended with
2X RD Atrazine (Table 5).
1. There were clear variations among the 23 isolate toward the
effect of Atrazine at its highest dose although all of them
showed stimulated growth. This stimulation was indicated
as highest, high, medium or low.
2. Four isolates (R1, R16, R20 and R 23) exhibited the highest
growth stimulation (S: 65.7–81.5%) in their growth and
considered acclimatized or Atrazine-resistant.
3. Six isolates (R3, R5, R9, R12, R21 and R22) showed high
growth stimulation (S: 42.9–58.7%).of indigenous and exogenous bacteria at 2X RD of Atrazine.
· 109) Growth stimulation (S%)
2X RD
4.8 77.1a
2.1 7.1d
3.1 48.4b
3.1 22.0c
3.0 43.3b
2.9 34.5c
1.9 36.0c
2.1 9.5d
2.9 55.2b
2.1 33.3c
3.1 6.4d
2.1 42.9b
1.6 6.3d
1.4 7.1d
1.4 7.1d
3.5 65.7a
2.0 25c
1.5 12d
3.0 6.6d
6.5 81.5a
4.6 58.7b
5.0 54.0b
5.9 74.6a
ada Al-Shame area, Saudi Arabia; SoilE: El-Sharqia Governorate,
: mixed culture of exogenous bacteria.
126 E. El-Bestawy et al.4. Five isolates (R4, R6, R7, R10 and R17) showed medium
growth stimulation (S: 22.0–36.0%) while the rest 8 isolates
(R2, R8, R11, R13, R14, R15, R18 and R19) exhibited low
growth stimulation (S: 6.3–12%).
5. Thus, among the 23 isolates tested, those that showed high
or very high growth stimulation were considered acclima-
tized or Atrazine-resistant at the tested concentration. On
the other hand, isolates that showed medium to weak
growth stimulation were considered Atrazine-sensitive.
The 23 isolates were proceeding to the subsequent Atra-
zine-enrichment experiment.
Atrazine-enrichment testing
The 23 isolates that showed variable growth stimulation in the
resistance/sensitivity test were individually enriched in 2X RD
Atrazine amended-liquid cultures for 10 days to select the most
promising acclimatized bacteria for biodegradation of Atrazine
in the contaminated soils (Table 6). Results revealed the
following:
1. Applying Atrazine at its highest dose produced the most
resistant isolates which possess the highest degradative
capabilities. Seven isolates (R1, R9, R16, R20, R21, R22
and R23) exhibited remarkable stimulation (S: 70.7-
88.7%) in their growth and considered acclimatized and
highly Atrazine-resistant, therefore, were selected for biore-
mediation experiment.Table 6 Stimulation/inhibition of total viable count (TVC) of the i
Bacterial isolate Source TVC (CFU · 109)
C 2X RD
R1 SoilE 1.10 9.7
R2 SoilE 1.6 1.0
R3 SoilE 2.4 7.2
R4 SoilE 2.8 4.3
R5 SoilE 1.7 5.6
R6 SoilE 1.9 3.1
R7 SoilM 1.7 2.6
R8 SoilM 9.6 6.6
R9 SoilM 2.4 9.3
R10 SoilM 1.3 2.6
R11 SoilM 2.3 0.19 · 107
R12 MC-P 3.4 6.5
R13 MC-P 1.46 · 107 2.8 · 106
R14 MC-P 1.3 0.01
R15 MC-P 9.833 0.88 · 107
R16 MC-P 1.2 4.1
R17 MC-P 1.5 1.9
R18 SoilH 1.32 0.14 · 108
R19 SoilH 2.8 1.4
R20 SoilH 1.2 9.5
R21 PF 1.9 6.6
R22 PS 1.3 5.9
R23 PQ 1.5 6.6
SoilM: Abu El-Matameer area, El-Behaira Governorate, Egypt; SoilH: H
Egypt; C: control; 2X RD: double recommended dose of Atrazine; MC-
a Remarkable growth.
b High growth.
c Medium growth.
d Inhibited growth.2. Four isolates (R3, R5, R10 and R12) showed high growth
stimulation (S%: 47.7-69.6) while four isolates (R4, R6,
7R and R17) showed medium growth stimulation (S%:
21.1-38.7). Moreover, the growth of the rest 8 isolates
was inhibited during the enrichment duration. Seven iso-
lates (R1, R9, R16, R 20, R21, R22 and R23) only consid-
ered suitable for Atrazine biodegradation while the rest 16
isolates were considered not suitable for Atrazine biodegra-
dation; therefore, they were excluded from further
experiments.
Identiﬁcation of bacterial isolates
Based on the Atrazine-enrichment test and the visual bioassay
screening, 20 indigenous and 3 exogenous puriﬁed isolates
were classiﬁed into genera and/or species whenever possible.
All Atrazine-resistant isolates from the tested soils were
Gram-negative rods expect 8 Gram-positive rods (R2, R5,
R12, R13, R16, R17, R21 and R23). They shaped long, short
or puffy bacilli. Genomic DNA was prepared from the selected
isolates, the PCR products were puriﬁed and the two strands
of each amplicon were sequenced using chain terminator meth-
od (Bioneer Company, Korea). The 16S rDNA gene sequences
of the isolates were submitted to GeneBank sequencing data
and aligned against the 16S rDNA sequences of Ribosomal
Database project. Table 7 compiles GeneBank accession num-
bers of the highest sequence similarity as well as the closest
neighbor(s) to the 16S rDNA gene partial sequences of thendigenous and exogenous bacteria in Atrazine-enrichment test.
Growth stimulation (S%) Growth inhibition (I%)
88.7a –
– 37.5d
66.7b –
34.9c –
69.6b –
38.7c –
34.6c –
– 31.3d
74.2a –
50.0b –
– 99.9d
47.7b –
– 80.9d
– 99.2d
– 99.9d
70.7a –
21.1c –
– 98.9d
– 50.0d
87.4a –
71.2a –
77.9a –
77.3a –
ada Al-Shame area, Saudi Arabia; SoilE: El-Sharqia Governorate,
P: mixed culture of exogenous bacteria.
Table 7 Similarity percentages to the nearest neighbors of the selected isolates.
Isolate No. Nearest neighbor(s) GenBank Accession of the Nearest Neighbor Similarity %
R1 Enterobacter cloacae 279-56 NR-028912.1 95
R2 Bacilluscereus ATCC 14579 NR-074540.1 98
R3 Pseudomonas aeruginosa PAO1 NR-074828.1 95
R4 Enterobacter cloacae 279-56 NR-028912.1 95
R5 Bacillus anthracis str. Ames NR-0744531.1 91
R6 Ochrobactrum intermedium CCUG 24694 NR-042447.1 97
R7 Pseudomonas balearica SP1402 NR-025972.1 93
R8 Pseudomonas indica IMT37 NR-028801.1 96
R9 Pseudomonas indica IMT37 NR-028801.1 96
R10 Pseudomonas balearica SP1402 NR-025972.1 95
R11 Pseudomonas aeruginosa PAO1 NR-074828.1 96
R12 Bacillus cereus ATCC 14579 NR-074540.1 96
R13 Bacillus cereus ATCC 14579 NR-074540.1 96
R14 Providencia vermicola OP1 NR-042415.1 96
R15 Providencia vermicola OP1 NR-042415.1 97
R16 Bacillus anthracis str. Ames NR-074453.1 97
R17 Bacillus anthracis str. Ames NR-074453.1 99
R18 Pseudomonas otitidis MCC10330 NR-043289.1 95
R19 Pseudomonas otitidis MCC10330 NR-043289.1 96
R20 Pseudomonas otitidis MCC10330 NR-043289.1 97
R21 Bacillus anthracis str. Ames NR-074453.1 94
R22 Providencia vermicola OP1 NR-042415.1 95
R23 Bacillus cereus ATCC14579 NR-074540.1 97
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according to their 16S rDNAgene to members of 5 genera
namely Enterobacter (E. cloacae), Bacillus (B. cereus and B.
anthracis), Pseudomonas (P. aeruginosa, P. balearica, P. indica
and P. otitidis), Ochrobactrum (O. intermedium) and Providen-
cia (P. vermicola) with similarities ranged between 91% and
99%.
The phylogenetic relationships of the experimental isolates
and closely related species were analyzed using the multise-
quence alignment program (MEGA 5), and the results are pre-
sented in phylogenetic trees. Since Isolates (R5, R16, R17 and
R21) were afﬁliated according to their 16S rDNA gene to the
genus (Bacillus anthracis str. Ames) with high similarity, which
is highly pathogenic, they were excluded from further
experiment.
Discussion
Once pesticides reach the soil, there are several factors that af-
fect their soil behavior (Alister et al., 2011). Biodegradation of
pesticides/herbicides is greatly inﬂuenced by the soil character-
istics such as moisture, temperature, pH and organic matter
content, in addition to microbial population and pesticide sol-
ubility. Optimum temperature, moisture and organic matter in
soil provide congenial environment for the break down or
retention of any pesticide added in the soil. Most of the organ-
ic pesticides degrade within a short period (3-6 months) under
tropical conditions. Metabolic activities of bacteria, fungi and
actinomycetes have the signiﬁcant role in the degradation of
pesticides (www.AgriInfo.in, 2009). In the present study, phys-
ical analysis and chemical analysis of the tested soils showed
low fertility (OM content), high salt concentration and slightly
alkaline pH. Variations in the levels and dominancy of the
included salts in the 3 tested soils attributed mainly to the
variations in the nature and characteristics of the ecosystemsfrom which these soils were collected. Salt levels have strong
effects not only on the microbial biodiversity, but also on
the sensitive and semi-sensitive higher plants. In addition, they
also disturb the relations between plant roots and microbial
communities. Variations in Atrazine fate depending on soil
characteristics are consistent with those reported by Shifu
and Yunzhang (2007) during photocatalytic degradation of
glyphosate in aqueous solution using TiO2 powder.
Rate of the degradation of Atrazine, linuron and propyza-
mide varied according to the soil type and the pH (Hance,
2006). Also, soil and organic matter content largely controlled
the rate of Atrazine hydrolysis. For soils of similar pH, Atra-
zine degradation rates increased with increased Atrazine
adsorption (Kellogg et al., 2007).
Texture of soil is a critical factor affecting degradation of
the applied pesticide. In coarse-textured soils such as soilM,
water and nutrients are lost from the root zone through deep
percolation and preferential ﬂow, resulting in poor soil quality.
Asgharia et al. (2011) investigated the inﬂuences of polyacryl-
amide, cattle manure, vermicompost and biological sludge as
soil conditioners on moisture retention and bromide transport
parameters in a sandy loam soil. The results showed that poly-
acrylamide was more effective than other soil conditioners in
improving physical quality of sandy loam soils.
Because sorption and degradation are the two most impor-
tant processes affecting the fate and behavior of pesticides in
soil, therefore, sorption of Atrazine to various components
has been widely studied (Dehghani et al., 2005; Correia
et al., 2007; Danrong et al., 2009). Adsorption is not irrevers-
ible and desorption often occurs readily, depending on such
factors as temperature, moisture and pH. Atrazine normally
is not found below the upper foot of soil at detectable quanti-
ties, even after years of continuous use (Extension Toxicology
Network, 1996).The principal soil property that affected herbi-
cide adsorption is the soil organic carbon content, speciﬁcally
128 E. El-Bestawy et al.the fulvic acid-humins fraction. It is suggested that it is
possible to develop simple quantitative models to predict the
soil-leaching properties of pesticides where behaviors of most
herbicides are generally inﬂuenced by the content of organic
carbon in soil (Torrents and Jayasundera, 1997; Haberhauer
et al., 2002; Hua Guo et al., 2008). Atrazine is more readily
adsorbed on muck or clay soils than on soils of low clay and
organic matter content. The downward movement or leaching
is limited by its adsorption to certain soil constituents. Since
soils at the present study are poor in organic matter and clay,
Atrazine is poorly adsorbed on the tested soils and might
percolate with irrigation water reaching deep soil layers and
ultimately to ground water which is main problem in the pres-
ent study. Based on a model developed by Ouyang et al.
(2010), about 25% of the total applied Atrazine still remained
in the soil at the end of the simulation period (120 days) almost
in the solid phase.
Accumulation and distribution of the herbicide Atrazine in
soil, water and roots of three wetland model systems using the
monocots Typhadomingensis, Sagittarialancifolia and Echino-
chloapyramidalis were investigated. It was found that about
30% Atrazine was accumulated in soil, 40% in roots and 10–
20% in water (Espinosa et al., 2009). Atrazine is absorbed by
plants mainly through the roots, but also through the foliage.
Once absorbed, it is translocated upward and accumulates in
the growing tips and the new leaves of the plant. In susceptible
plant species, Atrazine inhibits photosynthesis, while in toler-
ant plants, it is metabolized (Kidd and James, 1991).
Leaching of pesticides such as Atrazine in humid tropical
soils at different depths was tested. All the soils investigated
are acidic clay soil with high organic matter contents. Atrazine
wasmoderately leached beyond 15 cm soil depth at the ﬁrst hea-
vy rain which might partly be attributed to the high content of
organic matter throughout the soil proﬁle. However, leaching
of Atrazine at low to average rain was observed in clay soils,
whereas in sandy soil, it was rapidly transported to 40 cm soil
depth regardless of its sorption property, suggesting that leach-
ing was caused by preferential ﬂow (Kah, 2007; Chai, 2009).
Type of herbicide is an important factor that controls its
degradation. For example, Atrazine has higher afﬁnity for
binding to soil particles than Malathion with more stability
in soil with 68.1-day half-life compared to the Malathion
(6.6-day half-life). Moreover, 78% of Atrazine was remained
in soil after 25 days of application compared to 8% only of
Malathion at the same period. These results emphasized on
care needed when using persistent pesticides to control weeds
in soil (Al-Wabel et al., 2010).
Results of bacterial counting indicated the availability of
enough bacterial populations in all the tested soils to precede
pesticides biodegradation. Clear variations in the density of
indigenous bacteria among the tested soils well as along the
culturing period were detected with average bacterial TVC
ranges of 35.9 · 107 – 79.3 · 107; 9.3 · 106 – 40.6 · 106 and
8.5 · 106 – 20.7 · 106 CFU/g for soilM, soilH and soilE, respec-
tively. This is mainly attributed to the variations in natural
characteristics (physical, chemical and mechanical) that deter-
mine microbial requirements such as organic matter, mineral
salts and water capacity and lead to differences in the quanti-
tative and qualitative characteristics of the indigenous popula-
tions. Similar ranges were also detected by other workers
where bacterial counts were in the order of 105–107 CFU/g
of soil near neutral pH (Ogunmwonyi et al., 2008).Resistance/sensitivity test showed 23 isolates with high or
very high growth stimulation and was considered acclimatized
or Atrazine-resistant at the tested concentration. On the other
hand, isolates that showed medium to weak growth stimula-
tion were considered Atrazine-sensitive. Such 23 isolates were
proceeding to the subsequent Atrazine-enrichment experiment.
Of those, only seven isolates belong to 4 genera (Enterobacter,
Pseudomonas, Bacillus, Providencia) exhibited remarkable
stimulation (S: 70.7–88.7%) in their growth and considered
acclimatized and highly Atrazine-resistant, therefore, were se-
lected for Atrazine-bioremediation, while all others that
showed lower growth stimulation were excluded. Stimulation
of growth coupled with enhanced degradation is a phenome-
non whereby, a soil-applied pesticide is rapidly degraded by
a population of microorganisms that has developed the ability
to use the compound as carbon and energy or nutrient source
because of previous exposure to it or its analogue (Kurtz et al.,
2008). It was found that microbial adaptation to Atrazine, oc-
curred in some ﬁelds, reduced herbicidal effectiveness (Kurtz
et al., 2008).
Four isolates (R5, R16, R17 and R21) were identiﬁed as
Bacillusanthracis str. Ames according to their 16S rDNA. Their
presence in the soil is expected and attributed to the infected
cattle. However, since this genus is highly pathogenic, they
were excluded from further experiment. Bacillus spp. domi-
nated the bacterial isolates across the different soil sampling
locations in another study (Ogunmwonyi et al., 2008). Bacil-
lusspecies are well known as highly resistant spore-forming
bacteria. They possess excellent characteristics and are extre-
mely efﬁcient for many agricultural, environmental and indus-
trial applications. In agricultural (green) biotechnology, they
exhibited superior pesticidal ability (Merritt et al., 1989; Turn-
er and Backman, 1991; Powell and Jutsum, 1993; Dingman,
1994; Osburn et al., 1995; Emmert and Handelsman, 1999;
Greene et al., 2001; Nunez-Valdez et al., 2001). In the environ-
mental applications, they are used in enzyme immunoassays
for the detection of speciﬁc pesticides (Zherdev et al., 1997),
or their mutagenic activity (Shiau et al., 1981) and in the bio-
remediation of highly persistent pollutants such as chlorinated
pesticides (El-Bestawy et al., 2002). In the white (industrial)
biotechnology, Bacillus spp. are widely used for the manufac-
ture of extracellular enzymes, mainly amylases (De Boer
et al., 1994) and proteases (Sabir and El-Bestawy, 2009) and
recently, surfactants mainly by B. amyloliquefaciens, B. lichen-
iformis, B. subtilis, B. lentus and the alkalophilic bacilli related
to B.lentus (Fiechter, 1992). These characteristics of Bacillus
spp. explain their occurrence in the highly contaminated soil
and wastewater as well as their high resistance against many
contaminants.
Two Pseudomonas species (P. indica IMT37 and P. otitidis
MCC10330) were found highly resistant to Atrazine due to
their physiological characteristics. Pseudomonas is a Gram-
negative, rod-shaped, motile, single polar-ﬂagellated, soil den-
itrifying bacterium (Anzai et al., 2000; Lalucat et al., 2006) and
frequently used for bioremediation process. The marvelous
resistance and superior potentiality of Pseudomonas for bio-
degradation of toxic organic pollutants and biosorption of
heavy metals are extensively proved by many authors recently
and long ago (Aislabie and Llyod-Jones, 1995; DE Souza
et al., 1998; El-Bestawy et al., 2000; El-Bestawy, 2005; El-Bes-
tawy and Ibrahim, 2005; El-Bestawy et al., 2005; El-Bestawy
and Albrechtsen, 2007 and many more).
Isolation, identiﬁcation and acclimatization of Atrazine-resistant soil bacteria 129Being included in the seventh highly resistant species, Enter-
obacter and Providencia must have the required enzymatic
activity to precede Atrazine biodegradation. They also have
defense mechanism against its toxicity.
In conclusion, present results revealed quantitative and
qualitative variations in soil bacterial populations based on
the natural characteristics of the soil and Atrazine concentra-
tion. Seven bacterial species belong to 4 genera (Enterobacter,
Pseudomonas, Bacillus, Providencia) were found superior in
their resistance to Atrazine where they exhibited remarkable
stimulation (S: 70.7–88.7%) in their growth. Therefore, they
can efﬁciently be used for degradation of Atrazine-contami-
nated soil and/or wastewater.References
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